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Polymorphism describes two or more distinct, geneti-
cally determined, phenotypes that co-occur in the same
population, where the rarest morph is maintained at a
frequency above the mutation rate (Ford 1945; Huxley
1955). In a recent opinion piece, we explored a new idea
regarding the role of genetic architectures and morph
interactions in colour polymorphisms and how this can
negatively affect population performance (Bolton et al.
2015). In this issue of Molecular Ecology, Forsman (2016)
thoroughly discusses the current evidence for polymor-
phisms enhancing population performance and critiques
the validity of the definitions of polymorphism we use
in our original paper. We respond by clarifying that the
negative consequences of polymorphisms that we dis-
cussed are likely to be most pertinent in species that
have a particular set of characteristics, such as strong
sexual or social interactions between morphs and dis-
crete genetic architectures. Although it was not our
intention to redefine polymorphism, we do believe that
there should be further discussion about refining or
characterizing balanced polymorphisms with respect to
the degree of morph sympatry, discreteness of traits and
their underlying genetic architecture, and the types of
selection that drive and maintain the variation. The lat-
ter describes whether polymorphism is primarily main-
tained by external factors such as predation pressure or
internal factors such as interactions with members of
the same species. The contribution of Forsman (2016) is
useful to this discussion, and we hope that our
exchange of opinions will inspire new empirical and
theoretical ideas on the origin and maintenance of col-
our polymorphisms.
Keywords: adaptation, conservation biology, ecological
genetics, evolutionary theory, genomics, population
dynamics
Received 8 December 2015; revision received 22 February 2016;
accepted 24 March 2016
In our recent paper (Bolton et al. 2015), we explained how
colour polymorphism may be deleterious to a species when
(i) the polymorphism is sustained by social or sexual inter-
actions and (ii) when the distinct phenotypes of a polymor-
phic species are underpinned by discrete genetic
architectures. In his comment on our opinion paper, Fors-
man (2016) thoroughly reviews the literature that demon-
strates the effects of polymorphism on various measures of
population performance, in line with earlier work in that
area (Forsman et al. 2008), and challenges our suggestion
that it might be useful to consider some new definitions of
polymorphism. It was not our intention to put forward a
generalizable theory of the effect of polymorphism on pop-
ulation persistence nor to write an exhaustive review of
that area. Therefore, the additional studies raised by Fors-
man (2016) and the main conclusions that he reiterated of
the papers we cited, do not change the substance of our
argument. Here, we respond to Forsman (2016) by further
exploring the interpretation of key papers on this subject
and then clarify our position by discussing the definitions
and underlying mechanisms of polymorphism by citing an
example from a very recently published study that demon-
strates precisely the kind of polymorphism we believe to
be most ‘at risk’. We explained that a range of species are
currently described by the broad term ‘polymorphic’,
which could be further refined by considering the different
processes that sustain polymorphism and the genetic archi-
tectures that characterize it (Bolton et al. 2015). We believe
that these underlying processes may have different conse-
quences for population persistence. We focused our study
on those species in which there are discrete, genetically
determined phenotypes that co-occur and interact across
the majority of their range, and we highlighted some can-
didate species that might share some or all of these key
characteristics. In particular, we explored the mechanisms
that may negatively influence population persistence
through correlation of colour with social and sexual traits.
In his comment, Forsman (2016) explores how important
empirical works have demonstrated that polymorphism
enhances population performance (Forsman & Hagman
2009; Caesar et al. 2010; Forsman et al. 2012; Wennersten
et al. 2012). However, closer examination of these studies
suggests that these results are not decisively in favour of
Forsman’s argument, and we clarify below how the results
of these studies can be explained under the paradigm we
presented (Bolton et al. 2015).
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With regard to the comparative study of Australian frog
species (Forsman & Hagman 2009), the main conclusions
were that when frog families were pooled, there was a sig-
nificant effect of variable coloration on lower extinction
risk. However, the phylogenetically independent contrasts
failed to find any effect of variable coloration on the three
measures of population performance (range size, habitat
diversity and conservation status) (Forsman & Hagman
2009). Furthermore, it is unclear whether pooling the fami-
lies provides a biologically meaningful or general conclu-
sion, as strong results from single families could bias the
outcome and the pooling may be masking important bio-
logical differences between the nature of polymorphisms in
different Australian frog families. Indeed, the authors com-
ment on this in their discussion (sic Forsman & Hagman
2009: p1541):
We do not know why variable coloration was not asso-
ciated with lower endangerment in Myobatrachidae
[when controlling for range size]. Most Myobatrachi-
dae are stout bodied and burrowing or terrestrial and
none are primarily arboreal, whereas Hylidae
and Microhylidae generally are more slender bodied
and include several arboreal and semiarboreal forms.
These differences in ecology may somehow affect the
relative importance of coloration and associated traits.
It is precisely this aspect that we addressed in our opin-
ion piece; differences in the importance or function of col-
oration may have different downstream population
consequences (Bolton et al. 2015). With specific regard to
these families, we suggest that coloration in Myobatrachids
might be more important with regard to sexual and social
signalling, whereas coloration might be more important for
trophic interactions (e.g. camouflage) in the Hylids and
Microhylids.
The studies on population performance in the Pygmy
Grasshopper Tetrix subulata also have alternative interpreta-
tions. In the wild, there was a positive effect of morph
diversity on establishment success (Forsman et al. 2012), but
in a ‘seminatural’ experiment, there was a strong increase
in the variance of establishment success with increasing
morph diversity (Wennersten et al. 2012; figure 1). While
the overall trend in these experiments is in favour of the
Forsman et al. (2008) model, the strongly increasing varia-
tion in establishment success with diversity requires further
explanation (Wennersten et al. 2012) and is compatible with
the ideas presented in Bolton et al. (2015). Further, Forsman
(2016) critiques our interpretation of the survivorship exper-
iments conducted in Caesar et al. (2010) and explains that
the decrease in survival with increasing morph diversity is
due to the statistical over-representation of inferior morphs,
and not antagonism. This is actually one element of the
argument we presented in Bolton et al. (2015), whereby ran-
dom variation in morph ratio might also affect population
fitness when those morphs have different reproductive
strategies. Like the K- and r-selected female reproductive
strategies in the side-blotched lizards (Uta stansburia;
Sinervo et al. 2000), there are similar trade-offs in the repro-
ductive strategies of pygmy grasshopper morphs (Forsman
1999, 2001). Therefore, if an over-representation of morphs
can affect population fitness in this experimental context, it
can equally affect population fitness after the random sam-
pling that occurs during natural founder events and popu-
lation bottlenecks. Further, high-diversity treatments were
not well replicated in these experiments, so it is difficult to
disentangle the effects of relatedness and diversity on sur-
vival and antagonistic interactions, particularly when beha-
vioural interactions were only measured with regard to
relatedness (Caesar et al. 2010).
Forsman (2016) highlights the population benefits of
polymorphism in Ischnura damselflies (Takahashi et al.
2014a), whose female polymorphisms arose from sexual
conflict (Svensson et al. 2005; Gosden & Svensson 2007;
Takahashi & Watanabe 2010), in challenging the ideas we
presented (Bolton et al. 2015). He specifically challenges
our assertion that polymorphisms arising from sexual or
social interactions might be particularly vulnerable to nega-
tive population consequences (Forsman 2016). Indeed,
Takahashi et al. (2014a) find that when morph ratios are at
parity, female fecundity and population fitness are
improved, because the deleterious effect of male harass-
ment and sexual conflict is ameliorated. We appreciate that
the full resolution of conflicts will have positive effects on
population fitness (Takahashi et al. 2014a; Forsman 2016),
but we also explain in our original article that variation in
morph ratios may lead to conflicts that are not properly
resolved, and morph interactions may be innately antago-
nistic (Bolton et al. 2015). Indeed, in the experimental treat-
ments in Ischnura elegans, it was found that morph ratios
that deviated strongly from parity resulted in significantly
reduced female fecundity and other measures of popula-
tion fitness (Takahashi et al. 2014a; figure 3). Moreover,
morph ratios in I. senegalensis naturally vary across a latitu-
dinal gradient owing to correlated thermal properties of
morphs (Takahashi et al. 2011, 2014b), which demonstrates
selection on correlated traits may influence morph ratio
that in-turn influences population fitness (Bolton et al.
2015). We feel that the study by Takahashi et al. (2014a)
begs the question: how do female and population fitness in
this population compare to a population with no female
polymorphism or in a population with no/less sexual
antagonism? In our opinion piece, we aimed to highlight
that polymorphic species, like the Ischnura damselflies, are
more complex owing to such interactions, and that the
relationship to population persistence and extinction risk
may not be as clear as previously suggested (Forsman et al.
2008).
As we suggested in our original paper, costs (and bene-
fits) of polymorphism should be measured explicitly at the
both the individual and population level, within a frame-
work that explicitly considers correlated traits and genetic
architectures (gene number and their interaction). The sex-
ual conflict literature provides a wealth of theoretical and
empirical studies that provide a conceptual framework that
can be borrowed to examine the interactions of morphs
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and the role of genetic architecture in shaping individual
and population fitness, and adaptive evolution (Rice 1996;
Rankin & Arnqvist 2008; Bonduriansky & Chenoweth
2009). Indeed, these studies demonstrate that the links
between genetic architecture of a trait, individual and pop-
ulation level fitness may be complicated. For example,
degree of sexual dimorphism (as a resolution of intralocus
sexual conflict in optimal development time) was positively
correlated with measures of population fitness in labora-
tory seed beetles, yet the diverged male phenotype has
direct negative fitness effects on females through reduced
lifetime fecundity (Maklakov et al. 2005; Arnqvist & Tuda
2010). Therefore, although net population productivity can
be positively affected, morphism can have individual costs
that may become important under different environmental
conditions, high density or morph ratio deviation. This is
only relevant when morphs interact frequently, and these
interactions form the basis for the evolution and mainte-
nance of the polymorphism itself.
Forsman (2016) suggests that our definition of polymor-
phism ignores the dynamic nature of polymorphisms and
states that polymorphic species will vary in characteristics
(such as morph ratio) across the geographic range in accor-
dance with environmental variables. We agree that poly-
morphisms are extremely dynamic and will often vary
across the geographic range, which may include monomor-
phic and polymorphic populations (Ford 1945; Huxley
1955; McLean & Stuart-Fox 2014; Forsman 2016). However,
we believe within the dynamism of polymorphic species,
there are operational ‘axes’ that characterize the underlying
biology and are relevant to the relationship with popula-
tion persistence as we describe here and in Bolton et al.
(2015). These axes, described below, reflect both biological
patterns and mechanisms, and polymorphic species ought
to lie somewhere within this hypothetical space.
1 The origin and maintenance of balanced polymorphism:
There should be an important distinction between
polymorphisms that are primarily driven by sexual or
social interactions and those driven primarily by eco-
logical causes and the types of selection that maintain
their sympatry. These will influence the kinds of inter-
actions that morphs have, and the kinds of traits that
become correlated with morphs. We clarify that we
consider ecological causes to be primarily external,
such as predation, interspecific competition, and ther-
mal and microhabitat niche separation. Further, these
‘ecological’ or externally driven polymorphisms can
be maintained by balancing selection (e.g. apostatic
selection), and also maintained in sympatry by fine-
scale selection mosaics, or contact zones/migration
between locally adapted populations. However, other
polymorphisms are found to exhibit complex social
and sexual interactions between morphs [e.g. rock–pa-
per–scissors game in the side-blotched lizards (Uta
stansburiana) (Sinervo & Lively 1996)] that contribute
significantly to the maintenance of that polymorphism.
Spatial gradients and selection mosaics are likely to be
less relevant in the maintenance of these
polymorphisms. However, we appreciate that other
traits that are ecologically relevant can also be corre-
lated with colour morph, such as thermal tolerance in
Ischnura (Takahashi et al. 2011, 2014b).
The origin and maintenance mechanisms of morphs will
relate to the type of interactions morphs engage in and
ultimately their opportunity to interact. The distinction
between these as drivers for polymorphism is not mutu-
ally exclusive, but there is value in considering which
processes are more important for the evolution and
maintenance of a polymorphism, and the effects on
downstream consequences for population fitness.
2 Degree of sympatry or opportunity to interact: The degree
to which morphs overlap reflects the opportunity to
interact and thus how relevant any negative conse-
quences of polymorphism are to populations and spe-
cies. The degree of sympatry should also consider the
underlying population structure: are morphs in sympa-
try because they are being fed by migration from
monomorphic populations? Recent contact between
previously isolated or locally adapted populations can
also be deleterious to individual and population fitness
through extrinsic or intrinsic isolating mechanisms, but
this is thoroughly dealt with in the speciation literature
(Barton 1980; Coyne & Orr 2004).
3 Discreteness of morphs and underlying genetic architecture:
Within organisms commonly considered polymorphic,
there is variation in the degree to which morphs and
their correlated traits are discrete in the underlying
genetic architecture. Recent work has highlighted the
complexities of the underlying genetic architectures
whereby suites of traits are co-expressed by tight phys-
ical linkage in the genome, inversions or through epi-
static interactions (McKinnon & Pierotti 2010;
Wellenreuther et al. 2014). Genetic architectures that
underlie polymorphisms are more likely to be discrete
in strongly interacting and sympatric morphs. Diver-
gent and negative frequency-dependent selection on
multiple traits will tend to favour the evolution of sim-
ple genetic architectures which can maintain balanced
polymorphisms (Sinervo & Svensson 2002; Kopp &
Hermisson 2006). When selection is focused on social
or sexual traits, it is the combination of these types of
traits with their genetic architecture that make such
polymorphisms worthy of separate attention. Increased
accessibility of genomic techniques to studies of non-
model systems will result in the characterization of
these genetic architectures in many different polymor-
phic species.
We stress that that this is not intended to be a formal
model, but a useful guide for how we should think about
the variation within polymorphic species. The types of
species we think most harbour ‘the danger within’ are
those that are driven primarily by social/sexual interac-
tions, morphs are largely sympatric, and have discrete
traits and genetic architectures. An example of a species
that does not fit comfortably at either of the extreme ends
of any of our criteria and highlights the complexity within
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polymorphisms is the barn owl (Tyto alba). The barn owl
has heritable, but not phenotypically discrete, morphs for
brown and black coloration (phaeomelanins and eume-
lanins) that are clinally distributed along a north–south
axis (Roulin 2003; Roulin & Dijkstra 2003) and are main-
tained by selection in the face of extensive gene flow
because coloration covaries with ecological niche (diet and
habitat choice) (Roulin 2004; Antoniazza et al. 2010; Dreiss
et al. 2012). In addition, coloration is related to sex-specific
life history strategies and fitness traits (e.g. offspring qual-
ity, nest attendance), influencing an independent cline in
female spottiness (Roulin et al. 2000, 2001; Roulin 2003;
Roulin & Altwegg 2007). Sex-specific selection for plu-
mage traits influences sex ratios at the nest (Roulin et al.
2010) and is involved in nonrandom mating and parental
coordination (Roulin 1999). This species’ polymorphism is
maintained by both internal and external factors, and its
coloration traits are not discrete. Yet they display some of
the ‘danger’ traits we discussed previously and would be
interesting to investigate the relative costs and benefits of
these traits on the individual and population scale (Bolton
et al. 2015).
The recent discovery of inversions underlying the incred-
ible morphological and behavioural polymorphism in the
lek-breeding Ruff (Philomachus pugnax) provides a timely
opportunity to illustrate the ‘extreme’ kind of polymor-
phism we described previously: those that are underlain
by discrete genetic architectures and sustained by beha-
vioural interactions (K€upper et al. 2015; Lamichhaney et al.
2015). In the ruff, each of three male morphs morph has
distinct plumage, sexual, behavioural, immune and hor-
monal profiles (as summarized in figure 1 of K€upper et al.
2015). The morphs are determined by uninverted and two
genetically dominant nested inversions on chromosome 11,
spanning hundreds of protein coding genes (K€upper et al.
2015; Lamichhaney et al. 2015). This polymorphism is not
without fitness costs – in both sexes inversion homozygotes
are lethal, inversion heterozygotes have lower survivorship
than noninverted haplotypes, and females with the female
mimic genotype may be infertile (Lank et al. 2013; K€upper
et al. 2015). To compensate for these disadvantages, inver-
sion genotype males must have relatively higher reproduc-
tive success to maintain the inversion haplotype
frequencies (K€upper et al. 2015; Lamichhaney et al. 2015).
Indeed, these males have much larger testes than territory
holding males (uninverted homozygote genotype), which
allows them to gain a large share of paternity through
sperm competition (K€upper et al. 2015). Therefore, in the
ruff, there is discrete genetic architecture determining the
morph phenotypes, and morphs are sustained by sexual
interactions and opportunities for intralocus conflict
between morphs and between sexes. Incidentally, there
have been local trends of decline in the Ruff (Jaatinen et al.
2010; Birdlife International 2012). Although recent popula-
tion declines are largely attributed to increasing anthro-
pogenic pressures on wetlands, it remains unknown
whether the polymorphic ruff is more vulnerable than
other shorebirds sharing similar habitat requirements.
We believe that there is a good opportunity, and an
expanding methodological repertoire to embrace the molec-
ular complexity underlying a variety of phenomena that
are grouped together under the term polymorphism,
defined over 50 years ago. It was not our intention to
obscure or redefine the notion of polymorphism in our
opinion piece (Bolton et al. 2015), but we did wish to high-
light some of the complexity surrounding the current usage
of this term and start a conversation about how this might
be amended. We agree with Forsman (2016) that the defini-
tions provided by Huxley (1955) and Ford (1945) are useful
and encompass much important dynamism. Similar to the
criticism in our original paper (Bolton et al. 2015), Huxley
himself (1955) described that there was imprecision in the
use of the word ‘polymorphism’ with respect to genetic
underpinning, seasonality and geographic variation and
suggested the use of morphism instead. Further, the original
definition specifies that morphs should coexist in a single
interbreeding population (Huxley 1955), which means that
polymorphism can be geographically restricted (i.e. some
population monomorphic and some polymorphic) or occur
within multiple populations. When a species only has a
few isolated polymorphic populations, whether potential
costs and benefits apply to an entire species will depend
on gene flow and local selection (Forsman et al. 2008; Bol-
ton et al. 2015). Therefore, consideration of the scale of
polymorphism is important.
We anticipate more genomic work in the vein of the
recent work (K€upper et al. 2015; Lamichhaney et al. 2015),
which will provide increasing insight into the mechanisms
through which polymorphic species evolve and are main-
tained. As such, we think it important to consider how the
term ‘polymorphic’ is being used to define different phe-
nomena on the basis of some of the criteria we described
here and previously (Bolton et al. 2015). We agree that the
beginnings of a definition put forward by us would be dif-
ficult to put into practice (Forsman 2016), but we think that
we should start working towards dividing polymorphic
species into different categories on the basis of their under-
lying genetic architecture, trait correlation (complexity and
kinds of traits) and degree of sympatry. We strongly
believe that the newly elucidated nature of the ruff poly-
morphism (K€upper et al. 2015; Lamichhaney et al. 2015) is
very different from polymorphisms, for example, main-
tained primarily by camouflage or apostatic selection,
including the classic peppered moth (Biston betularia) and
the brown-lipped Snail (Cepaea nemoralis) (Cain & Sheppard
1954; Cook et al. 2012). Although discrete genetic architec-
tures will underlie many discrete traits driven by some
form of divergent/negative frequency-dependent selection
(Sinervo & Svensson 2002; Kopp & Hermisson 2006), what
trait axes these affect (e.g. ecological or sexual) and how
they interact will be most important for determining popu-
lation performance (Kokko & Brooks 2003; Rankin et al.
2011; Holman & Kokko 2013).
The purpose of Bolton et al. (2015) was to start further
discussion on this interesting topic, and we appreciate that
Forsman (2016) has engaged in this conversation. We
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completely agree that when polymorphism (and other
forms of variation) lies primarily on ecological axes (e.g.
camouflage) that there will be benefits to population per-
formance as has been extensively shown (Forsman et al.
2008; Agashe & Bolnick 2010; Agashe et al. 2011; Forsman
2014; Forsman & Wennersten 2015). We did not intend to
dismiss the validity of this previous work, but simply to
highlight that there is more to explore with respect to how
the types of traits, and their genetic architectures might dif-
ferentially contribute to population performance, and
explored some of the potential mechanisms. We hope that
future work finds value in both of these contributions and
will hopefully engage some exciting new work.
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